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Optical steering of mutual capacitance in nematic liquid crystal cell
Filip A. Sala1 and Marzena M. Sala-Tefelska1
1Warsaw University of Technology, Faculty of Physics, 00-662 Warsaw, Poland
In this study a variable capacitor made of Nematic Liquid Crystal cell is proposed and analyzed
theoretically. The mutual capacitance is steered with an optical beam of a Gaussian shape launched
into the cell. The optical field changes the orientation of the molecules and affects the capacitance.
By using Frank-Oseen elastic theory the molecular reorientation is simulated. The influence of
various parameters on capacitance such beam width, anchoring condition, externally applied volt-
age, beam power and launching position is presented. For instance, the maximum tuning range is
achieved for wide beams and the molecules initially aligned close to the propagation axis. It is also
proved that launching position, especially for narrow beams, has limited influence on capacitance.
The proposed component can be used, for instance, in optical power meters, as a feedback in laser
or diode systems or just as a variable capacitor in optoelectronic circuits. One of the advantages of
this device is that the beam passes through the element, so steering of the capacitance or measuring
the parameters of the beam can be realized without splitting the beam. Moreover, due to the low
thickness of the liquid crystal layer the attenuation is very low.
PACS numbers: 42.70.Df, 84.32.Tt, 07.50.Qx
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I. INTRODUCTION
Variable capacitors are widely used in electronics, for
instance for tuning the resonant circuits or to transform
some physical quantities into electric signals. Typically
the variable capacitor is tuned mechanically or by apply-
ing DC voltage like in capacitance diodes, called varicaps.
In this article a design of a new, variable capacitor tuned
with optical field is proposed. The setup consists of a cell
filled with Nematic Liquid Crystal (NLC). Such materi-
als are anisotropic, typically uniaxial, with two electric
permittivities: perpendicular and parallel to the aver-
age molecular orientation. It means that the capacitance
of such cell depends on the molecular orientation. The
actual capacitance of the NLC cell has been already an-
alyzed [1]. Moreover, NLCs are nonlinear materials, so
when the external electric field is applied the molecules
change the orientation due to the induced torque. Such
mechanism of capacitance steering was also analyzed [1–
3] even with periodic electrodes [4]. Similar setup can be
potentially used for chemical and biological sensors [5].
The NLCs not only interact with the electric field, but
also with the magnetic field, which was also used for ca-
pacitance steering [6, 7]. The NLC cells were also used
for designing thermal diodes [8], NOR and XOR logic
gates [9] or multiplexing devices [10, 11].
In this article steering of mutual capacitance is
achieved by the optical beam of a Gaussian shape
launched into the cell. The electric field of the beam in-
teracts with the molecules and changes their orientation.
In effect, the capacitance of the whole cell changes. The
proposed setup is analyzed theoretically. To model the
molecular reorientation the elastic theory is used. The
influence of the width of the beam, anchoring condition,
launching position, beam power and additional external
voltage, on the capacitance is presented. The optimal pa-
rameters for achieving desired or maximum tuning range
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FIG. 1. Sketch of the analyzed setup: liquid crystal cell of a
height H with ITO electrodes.
and for obtaining response for lower power beams are also
described.
II. THE ANALYZED SETUP AND
GOVERNING EQUATIONS
The theoretically analyzed setup corresponds to the
cell, made of glass, of a height H = 5µm and width
and length of 1000µm, filled with a nematic liquid crys-
tal (see Fig. 1). On the opposite glass plates the ITO
electrodes are deposited, so the cell can be used as a ca-
2pacitor and its capacitance can also be measured. The
average molecular orientation is described by the unit
vector, called director, defined as:
~n = [cos θ, sin θ sinφ, sin θ cosφ] (1)
There are strong anchoring conditions on all surfaces of
the cell: φ0 = π/2 and θ0. Nematic liquid crystals are
typically uniaxial and have two electric permittivities:
parallel and perpendicular to the director (Fig. 2). The
permittivity depends on the frequency, so it is different
for high i.e. optical frequencies (εH⊥ and ε
H
‖ ) and for low
i.e. electric frequencies (εL⊥ and ε
L
‖ ). The light beam of
a Gaussian shape is launched into the system along the
x axis. In the simulations the width of the beam is as-
sumed constant. In a linear regime it is reasonable, as
the analyzed beams are broad with FWHM from 20µm
upto 800µm . Because the height of the cell is low, about
5µm, even for narrower beams the width is nearly con-
stant along the direction of propagation (see Fig. 3). In
nonlinear regime, the molecular reorientation affects the
refractive index profile forming a waveguide-like distri-
bution. It can lead to a formation of the nondiffracting
beams i.e. solitons in NLCs called nematicons [12–16].
In our case the anchoring conditions at the sidewalls are
far from the propagating beam which leads to low non-
locality of molecular reorientation. In Fig. 4 comparison
of electric field and molecular orientation distributions is
shown. Thus, the width of the propagating beam will
not be much greater than the width of the input beam.
In case of a soliton formation, which is unlikely on a
very short distance, the beam will be narrower than the
input beam but still of nearly constant width. The so
called ”soliton breathing” effect, when the width of the
beam changes periodically with propagation, is also un-
likely due to the short propagation distance. Considering
the above the assumption of constant beam width seems
valid.
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FIG. 2. Sketch of molecular orientation where ~n - director,
and ε‖, ε⊥ - parallel and perpendicular electric permittivities
respectively.
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FIG. 3. Beam width in a linear medium with refractive index
n = 1.67, for wavelength λ = 1.55µm for various FWHM0
at waist: 1µm (dashed line), 3µm (dotted line), 10µm (dot
dashed line) and 20µm (double dot dashed line). Propagation
along the x axis.
In anisotropic material when the wavevector ~k and
the director ~n are not parallel nor perpendicular to each
other, the walk-off phenomenon appears. When light en-
ters into the anisotropic material the wavevector con-
serves direction but the energy travels at some angle δ to
the wavevector. The walk-off angle can be defined as:
δ = arctan
(
∆ε sin 2θ
∆ε+ 2ε⊥ +∆ε cos 2θ
)
(2)
where ∆ε = εH‖ − ε
H
⊥ is optical anisotropy. In Fig. 5a
walk-off angle is plotted for various molecular orienta-
tions. In Fig. 5b the spatial shift at the output of the
system corresponding to the walk-off angle is shown. For
the cells even thicker than the analyzed one, the displace-
ment is lower than 1µm, which is negligible correspond-
ing to the transverse dimensions of the cell. Thus, the
walk-off phenomenon can also be neglected in the analy-
ses.
To model the molecular reorientation casued by the
optical beam and externally applied voltage the elastic
theory is used. The Frank-Oseen equation defining free
energy density describes deformation of a liquid crystal
[17–20]
f =
1
2
K11(∇~n)
2 +
1
2
K22(~n · (∇× ~n))
2
+
1
2
K33(~n× (∇× ~n))
2 −
1
2
∆εε0(~n · ~E)
2
−
1
2
∆εLε0(~n · ~Ev)
2 (3)
where K11,K22, K33 - are Frank elastic constants corre-
sponding to splay, twist and bend deformations respec-
tively and ~E is the electric field of an optical beam,
~Ev = (E
x
v , 0, 0) is the electric field of the externally ap-
plied voltage, ∆ε = εH‖ − ε
H
⊥ - optical anisotropy i.e. for
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FIG. 4. Comparison of electric field distribution (solid line)
and molecular orientation along y or z axis. Simulations per-
formed for beam width FWHM = 100 µm and for various in-
put beam powers: P = 1 (dot dashed line), P = 0.01 (dashed
line) and P = 0.001 (dotted line).
high frequencies, ∆εL = εL‖ − ε
L
⊥ - anisotropy for low fre-
quencies. By using the Euler-Lagrange equations (4) the
extremum of the energy can be found.
∂
∂x
∂f
∂φx
+
∂
∂y
∂f
∂φy
+
∂
∂z
∂f
∂φz
−
∂f
∂φ
= 0
∂
∂x
∂f
∂θx
+
∂
∂y
∂f
∂θy
+
∂
∂z
∂f
∂θz
−
∂f
∂θ
= 0 (4)
where:
φj =
∂φ
∂j
, θj =
∂θ
∂j
, j ∈ {x, y, z}
Additionally, assuming that all elastic constants are equal
K11 = K22 = K33 = K leads to the following equations
[21, 22]:
∇2φ sin2 θ + sin 2θ ·
(
∂φ
∂x
∂θ
∂x
+
∂φ
∂y
∂θ
∂y
+
∂φ
∂z
∂θ
∂z
)
+
∆εε0
2K
[
2EyEz sin
2 θ cos 2φ
+ sin 2θ(ExEy cosφ− ExEz sinφ)
+ sin2 θ sin 2φ(E2y − E
2
z )
]
= 0 (5)
∇2θ −
1
2
sin 2θ
[(
∂φ
∂x
)2
+
(
∂φ
∂y
)2
+
(
∂φ
∂z
)2]
+
∆εε0
2K
[
EyEz sin 2θ sin 2φ
+ 2 cos 2θ(ExEy sinφ+ ExEz cosφ)
+ sin 2θ(E2z cos
2 φ+ E2y sin
2 φ− E2x
]
−
∆εLε0
2K
(Exv )
2 sin 2θ = 0 (6)
The electric field E is complex so EjEk = ℜ(EjE
∗
k) =
ℜ(Ej)ℜ(Ek) + ℑ(Ej)ℑ(Ek) where j, k ∈ {x, y, z}. The
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FIG. 5. (a) Walk-off angle (solid line) calculated by equation
(2) for various molecular orientations. (b) Beam displacement
at the output of the system for a few cell heights: H = 5 µm
(dotted line), H = 10 µm (dot dashed line), H = 20 µm
(double dot dashed line).
electric field arising from the external voltage is approx-
imated as constant inside the cell Exv = V0/H , where V0
- applied voltage.
To solve the equations (5) and (6) finite differences
in conjunction with SOR (Successive OverRelaxation)
method are used [23]. The electric field changes the
molecular orientation and the electric permittivity ten-
sor, which leads to a change in the capacitance of the cell.
To calculate the capacitance, the whole cell is treated as
a set of layers of parallelly connected capacitors. The
capacitance of such a single layer can be expressed as:
Cp(x) =
∑
yz
ε0ε
L
⊥ε
L
‖
εL‖ sin
2 θ(x, y, z) + εL⊥ cos
2 θ(x, y, z)
∆y∆z
∆x
where εL‖ , ε
L
⊥ - electric permittivity for low frequencies.
The total capacitance of the cell is equal to:
Ctot = 1
/∑
x
1
Cp(x)
(7)
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FIG. 6. The influence of the beam power (logarithmic
scale) on the capacitance of the cell for various beam widths
(FWHM) and anchoring condition θ0 = 1
◦.
III. NUMERICAL RESULTS
The numerical simulations where performed for a liq-
uid crystal with Frank elastic constant K = 5.5 pN and
electric permittivities εH‖ = 2.784, ε
H
⊥ = 2.294, ε
L
‖ = 25,
εL⊥ = 5. About 2500 upto 6000 iterations of the algo-
rithm were sufficient to obtain convergence in most cases.
The SOR parameter was set to Ω = 0.7. However, only
the molecular orientation described by angle θ affects the
capacitance, the reorientation in yz plane was also cal-
culated to obtain more accurate results. In fact, even if
the molecules lie in the same plane as the electric field
there is always some residual reorientation in perpendic-
ular plane, in this case in yz plane. At first, only the
influence of the optical beam, with no external voltage
applied V0 = 0, is analyzed. The beam is launched into
the center of the cell. In Fig. 6 the cell capacitance is
plotted versus input beam power in logarithmic scale.
The anchoring condition is θ0 = 1
◦, so the molecules are
initially aligned nearly along the x axis. The electric field
of the optical beam causes the molecules to reorient and
changes the electric permittivity tensor for both optical
and low frequencies, in effect of which the capacitance de-
creases. For narrow beams FWHM ≤ 50µm the change
of capacitance is very low, even for very high powers. For
wider beams ≥ 100µm the capacitance change is notice-
able, upto about 32 pF for FWHM = 800µm. In Fig.
7 the angle of maximum molecular orientation in func-
tion of beam power is plotted. Although, the change of
capacitance for narrow beams is low, the noticeable reori-
entation appears for lower power than for wide beams. It
is caused by the higher power density of narrow beams.
It is also clearly visible that reorientation saturates at
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FIG. 7. The angle of maximum molecular orientation θmax
versus input beam power P in a logarithmic scale. Simula-
tions performed for various beam widths (FWHM) and an-
choring condition θ0 = 1
◦.
θ = 90◦ which leads to saturation of minimum available
capacitance (compare with Fig. 6).
In Fig. 8a the capacitance change versus input beam
power is plotted for various anchoring conditions. The
maximum capacitance tuning range is plotted in Fig. 8b.
According to these results the highest possible tuning
range can be obtained for low values of θ0 i.e. for the
molecules anchored close to the direction of the x axis.
On the other hand, for lower power, for instance P = 0.01
the maximum tuning range is around θ0 = 10
◦. It means
that the maximum tuning range depends on power and
for lower power values appears for higher values of an-
choring condition θ0. In such case the tunning range
is significantly lower than for higher powers. To obtain
significant change in capacitance, the anchoring condi-
tion θ0, in this case, should be lower than about 30
◦.
To obtain the highest capacitance change the molecules
should be aligned nearly along the x. In such case the
power needed to obtain significant molecular reorienta-
tion increases. When the molecules are aligned along the
x axis (θ0 = 0) the molecular reorientation occurs above
Fre´edericksz threshold [24, 25], which will additionally
increase the power needed for reorientation.
The influence of the spatial shift of the beam on capac-
itance is also analyzed. The results in Fig. 9 show that
there is a range of shift values for which the capacitance
changes only slightly. The width of this range strongly
depends on the width of the beam: it is wider for narrow
beams and narrower for wide beams. It means that as
long as the beam is launched far from the edge of the
cell the capacitance nearly does not depend on the posi-
tion of the beam. When the beam is launched closer to
the boundary the molecular reorientation is weaker and
the total capacitance increases, and the tuning range de-
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FIG. 8. (a) Capacitance change with respect to the initial
capacitance of the LC cell as a function of input beam power
in logarithmic scale. Different curves correspond to different
anchoring conditions θ0, for beam width FWHM = 400µm.
(b) Tuning range i.e. difference between maximum and min-
imum capacitances versus anchoring condition θ0, for beam
width FWHM = 400µm and powers: P = 1 (dashed line)
and P = 0.01 (dotted line). The analytic solution of maxi-
mum possible tuning range is plotted with a solid line.
creases. There are two mechanisms responsible for these
effects: first of all it is much more difficult to reorient
molecules near the strong boundary condition and the
second, weaker mechanism, is that the tail of the Gaus-
sian beam passes the boundary of the cell, so the total
power of the beam, interacting with the liquid crystal, is
lower.
Typically, when using a variable capacitor in an elec-
tronic circuit, or even to measure the capacitance, it is
needed to apply the external voltage. In a liquid crys-
tal cell the external voltage applied to the ITO elec-
trodes will additionally influence the molecular orienta-
tion. This effect was also analyzed and is shown in Fig.
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FIG. 9. The influence of the spatial shift of the beam on
the capacitance. Simulations performed for beam widths:
FWHM = 100µm (solid line) and FWHM = 400µm (dashed
line) and power P = 0.1 and θ0 = 1
◦.
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FIG. 10. Capacitance versus externally applied voltage V0.
Simulations performed for beam width FWHM = 400µm,
power P = 0.1 and θ0 = 1
◦.
10. For very low voltages V0 < 0.2V the change in ca-
pacitance is negligible but for higher voltages it increases
and then saturates to the maximum capacitance of the
cell. The NLC cell should rather be used in low voltage
applications only, as for higher voltages power needed to
obtain the same tuning range is significantly increased.
Moreover, the voltages should be in a narrow range, be-
cause otherwise the applied signal will strongly influence
the capacitance.
IV. CONCLUSIONS
In the article the analyses of variable capacitor made of
NLC cell were presented. It was shown that walk-off phe-
nomenon does not significantly influence the trajectory
of the beam and the capacitance of the cell. The beam
width was assumed constant, which seems to be valid ac-
cording to the presented results. To model the molecular
reorientation, taking into account the optical and low fre-
quency fields, the elastic theory was used. It was shown
that for narrow beams the change in capacitance occurs
for lower power values but the maximum tuning range
6is limited. Much higher tuning range appeared for wide
beams, upto 32 pN for FWHM = 800µm. The anchor-
ing condition also plays a crucial role. For high power
values the maximum tuning range was achieved for low
values of θ0, so when the molecules were aligned nearly
along the x axis. For lower power values the maximum
tuning range appeared for higher values of θ0. In other
word, to achieve the highest possible tuning range the
molecules should be aligned close to the x axis, but to
achieve noticeable change in capacitance, for low pow-
ers, higher values of anchoring condition θ0 have to be
chosen. The influence of the launching position of the
beam was also analyzed and it was proved that as long
as the beam is inputted far from the boundary of the cell,
the position does not influence the capacitance. For the
beams launched close to the boundary the capacitance in-
creased and the tuning range for the same power ranges
decreased. According to our analyses, the external volt-
age applied to the cell significantly changes capacitance
and decreases the tuning range, so the proposed compo-
nent should be used only for low voltage applications,
for the analyzed parameters V0 < 0.2V. The voltage of
applied signals should also be kept in a narrow range to
avoid changes of capacitance. The authors are aware that
for higher power values the thermal effects will influence
the stability, molecular orientation and also the capac-
itance. To avoid this, materials of possibly the highest
electric anisotropy for both optical and low frequencies
and low absorption should be used or developed.
Such device can be applied, for instance, in the op-
tical power meters, as a feedback in laser or diode sys-
tems or just as a variable capacitor in optoelectronic cir-
cuits. As the beam passes trough the cell, the steering
of capacitance or measuring the power or the width of
the beam can be realized in-system without splitting the
beam. Moreover, low thickness of the cell implies low
attenuation. Summarizing, the presented results provide
a concept of a variable capacitor steered with an optical
beam. The article shows optimal parameters for partic-
ular case and methods of calculating them, which can be
used in future designs.
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